A method of predicting the microstructure evolution and shape in the hot forming process is important for optimizing the process conditions. To develop a new analytical model that can be used to predict microstructure behavior in the actual process, a high-speed with multistage compression testing machine is required for physical simulation of the production process and to obtain material data for the prediction model. A high-speed uniform true strain rate (~300 s -1 ) was achieved by a servo-hydraulic computerdriven machine with a deviation control feedforward program. The effects of processing parameter and chemical composition of plane carbon and Nb alloyed steels on ferrite grain size were investigated. A grain size of about 1 μm was accomplished in this simulator by severe hot plastic deformation.
Introduction
A method of predicting the microstructure evolution and shape in the hot-forming process is important for optimizing the process conditions. However, in such a prediction method, the material data such as the stress -strain curve and the rates of dynamic recrystallization (DRX) and static recrystallization (SRX) are needed, which are usually obtained by experiment. Many experimental facilities have been developed with the aim of obtaining accurate stress -strain curves for metals under hot forming. A cam plastometer has been developed to obtain the uniform true strain rate at a high strain rate up to 30 s -1 . 1, 2) Since the late 1970s, servohydrostatic machine was developed. [3] [4] [5] The temperature distribution of workpiece can be reduced if a heat-insulating chamber is installed. 4, 5) A heat-insulating chamber is very effective for obtaining an accurate flow curve, but the data on microstructure evolution cannot be obtained, since it is impossible to rapidly quench the workpiece. To obtain the flow curve and data on microstructure evolution at the same time, Senuma et al. 6) developed a plane compression test machine equipped with induction heating, and Ouchi and Okita 7) developed an axial compression test machine. These testing machines have the capability of freezing microstructure immediately after deformation by water quenching. Torsion test 8, 9) have also been conducted, since they can be carried out under a wide range of thermomechanical processing condition with severe plastic deformation. However, the deformation rate is limited to less than 30 s -1 . Recently, a high-speed compression machine with a maximum uniform true strain rate of 100 s -1 and an abrupt deformation stopping system was developed by Dynamic systems Inc, 10) RWTH Aachen, 11) NIMS 12) and CRM. 13) This machine as above was also equipped with an induction heating system or a direct resistance heating system. For a hot strip mill, the strain rate in actual production reaches 300 s -1 and multi pass processing is performed. Recently, super short interval multi pass rolling (SSMR) process that is carried out in a stable austenite region has been developed for a laboratoryscale mill. 14) This process has the following features; 1) multistage forming at high temperatures (slightly above Ae3) reduces the rolling resistance, 2) supershort intervals result in the accumulation of a large amount of strain, and the strain induces the ferrite transformation, and 3) the heat generated by severe deformation is removed by interstage cooling. To improve the accuracy of prediction models, a high-speed multistage compression testing machine is required for physical simulation of the production process and to obtain material data for the prediction models. In this study, a multistage and high-speed compression testing machine, with a maximum tool velocity of 3 600 mm/s for use with workpieces of 12 mm height and 8 mm diameter with a general strain rate of up to 300 s -1 was developed. The effects of processing parameter and chemical composition of plane carbon and Nb alloyed steels on ferrite grain size were investigated by obtaining stress and microstructure evolution during the hot multistage high-speed compression test, which is based on SSMR process. © 2012 ISIJ
Composition of Testing Machine

Specifications of Testing Machine
The compression testing machine used to reproduce actual hot-forming conditions i.e., multistage high-speed forming, high-temperature heating, and various cooling rates, was developed by the authors and is installed in IIS, the University of Tokyo. A photograph of the testing machine is shown in Fig. 1 and its specifications are listed in Table  1 . The action of the main ram and the sub jack is described in next section. Figure 2 shows a schematic illustration of the testing machine. Induction heating and compression testing are conducted in its chamber which is filled with N2 gas. The temperature of the test piece is controlled by PID feedback using the signal from a thermocouple welded at a point mid-height of the workpiece. As illustrated in Fig. 2 , the testing machine has two cooling systems, a water or gas cooling system with a circularly arranged coil nozzle and a water cooling system with a spray nozzle. Hence, various cooling patterns are available using these systems. It takes 0.85 s before water reaches the workpiece after sending a signal to the solenoid valve to open for the first time. The main delay is due to liquid flows from the solenoid valve to the nozzle. From the second time, water reaches the workpiece for 0.08 s, since water remains in the tube and nozzle.
The cooling control has to be programmed considering the delay time in the initiation of cooling the workpiece. The action of the main ram and sub-jack is described in next section.
The specifications of detectors and recorder are listed in Table 2 . The position of main ram is measured by liner voltage differential transformer (VLDT) be excited by 3 Vrms with 5 k Hz. The AC output of the demodulator has to be converted to DC by an on-chip preamp to use controlling of the ram position. The preamp also used as an active filter then, removes the carrier frequency from the demodulator output and produces a ripple-free DC output. However, the preamp produces a delay time for the measured position. The output of preamplifier is amplified by a power amp with filtered 1 k Hz to remove noise. Load is measured by a load cell which is the rod for sub-jack with strain gauge to enhance responsibility. The natural frequency and the maximum response frequency of the load cell are 12 k and 4 k Hz, respectively. The bridge voltage is DC 10V and the output is amplified by the same power amp for the LVDT. The data logger sampling rate is 1 M Hz.
Experiment on Velocity Control of High-speed
Compression To obtain true stress -strain curve, compression test is conducted with a constant strain rate, since stress depends on strain rate . Velocity of the die v is decreased during compression test in accordance with (1) where, h0 is initial height of workpiece and t is time. 
Velocity control during high-speed constant strain rate compression is difficult for the following reasons. a) A short run-up distance for multistage reciprocating motion. b) Ram motion should be stopped at the target reduction of the workpiece and compression with a high true strain rate also requires high deceleration of the ram (please deviate Eq. (1)). c) A short forming time equivalent to the electrical and mechanical response, resulting in the difficulty of applying feedback control to the ram motion during forming. To resolve issue a), the initial velocity of the main ram is controlled with high acceleration. To resolve b), three methods have already been developed, The first is to use a wedge-type stopper for the main ram, which has been adopted to Servotest testing machine, 4, 10) and second is to use two different actuator moving in opposite directions, when the main ram (forming ram) reaches the final strain, the opposite ram moves in synchrony, so that the distance between the main ram and opposite ram remains constant in the final strain, or deformation can be stopped. 11) Third is the ram motion is forced to stop by a stop plate, whenever that plate engages against the cross stop at same position, and the reduction of the workpiece is adjusted a hydro/wedge system placed on the opposite side of the main ram. 9) We adopt third method, the main ram is force to stop the end of the cylinder of actuator and that the reduction of the workpiece is adjusted the sub-jack driven by trapezoidal thread, in stead of the hydro/wedge system, installed on the opposite side of the main ram. Figure 3 shows the motion of the ram and the sub-jack used to determine of reduction of the workpiece. The initial position of the sub-jack is determined by target amount of deformation ( Fig. 3(a) ), and the zero position of the main ram is the initial height of the workpiece. The main ram is displaced to a precalculated position for the run up ( Fig.  3(b) ). The height for the run-up is depends on the strain rate and height of workpiece. Then deformation is forced to stop by the end of the ram (Fig. 3(c) ). After the first stage deformation, the main ram is returned to position for run up. At the same time, the sub-jack is lifted by the target amount of deformation in the second stage ( Fig. 3(d) ).
It is also difficult to control the ram motion at a high uniform true strain rate, even though the height of the workpiece is low. At a given strain rate, the velocity of deformation becomes low for a low height of workpiece, the deformation time is the same for any height of workpiece (2.33 ms in the case of a strain rate of 300 s -1 and a true strain of 0.7). To resolve issue c), a new control method for the main ram should be developed. A function generator is commonly used to control actuators, a standard function generator with a minimum pulse width of 1 ms and a control unit of 0.1 ms is used for high-speed testing machine. Although the minimum pulse width can be decreased, a delay due to the preamp, the power amp, the response time of the servo valve, and inertia of the hydraulic oil is inevitable. The response of the servo valve installed in the developed machine is in the range of 50-70 Hz. Therefore, the control system of the main ram is limited to only proportion (P) control. The control method of the main ram is explained in the following section. Since the main ram is subjected to P control, its velocity is determined by deviation of the ram position and the target position. The relationship between deviation and ram veloc- To control the velocity, the ram position is predicted after an incremental time Δt, then the motion of the ram is programmed by the predicted deviation so that it coincides with the target velocity in accordance with Eq. (3). The target velocity v <n+1> at time t <n+1> is determined by the strain rate and workpiece height, and the increment of displacement for the program Δy <n+1> is predicted by Eq. (4) using velocity v <n> at t <n> .
Control Method in
...... (4) here, y (mm) is position of the main ram, superscript <n> is number of step. The motion of the ram is controlled by combination of P control feedback and feedforward deviation control by the program of used for motion control.
Equation (4) is useful for an unloaded condition. The effect of loading caused by resistance to the deformation of the workpiece and inertial energy owing to the mass of the main ram should be considered. Equation (4) is thus modified as flows:
........... (5) where, is the average load from step <n> to step <n+1>, and m is the mass of the main ram. Example of the load and the ram velocity curves are shown in Fig. 8 . Without considering the effect of the load, the ram velocity rapidly decreases. On the other hand, when the effect of the load is considered, the ram velocity is controlled in a uniform true strain rate. Figure 9 shows time -position curves of the main ram and the sub-jack in multistage compression. The main ram is displaced to a position for the run up. The ram is accelerated to a desired velocity and compress the workpiece at a constant strain rate. Then deformation is forced to stop by the end of the ram, just after the first stage deformation, the main ram is returned to position for run up. The sub-jack is lifted during interstage time.
Experimental Conditions
Six types of steel were used in a multistage high-speed compression test. Table 3 shows the chemical compositions of the test pieces. Sample A (0.10C-1.00Mn) is the benchmark sample. The carbon content is lower in sample B (0.05C-1.00Mn) than in sample A, but higher in sample C (0.15C-1.00Mn). Similarly, the manganese content is lower in sample D (0.10C-0.50Mn), but higher in sample E (0.10C-1.50Mn). Sample F is sample A alloyed with 0.03 mass % Nb. Although the standard size of the workpiece for this apparatus is 8 mm diameter and 12 mm height, smaller workpieces of 6 mm diameter and 9 mm height are used to effectively remove the heat generated by plastic deformation. Mica plates are inserted between the workpiece and die for heat insulation and lubrication. Figure 10 shows the thermal processing history in the multistage and single-stage high-speed compression tests, which were based on the SSMR process. The workpieces were gradually heated at a rate of 10°C/s from room temperature to 1 000°C, maintained at the this temperature for 120 s, and then cooled at a rate of 50°C/s to the testing temperature of 800°C or 850°C. The austenite grain size before compression was about 30 μm. Before compression, there was a holding time of 5 s at the testing temperature to minimize the temperature distribution inside the workpiece. The axial reductions of the different stages were 50%, 40%, and 50% and the corresponding strain rates of the different stages were 75/s, 150/s, and 300/s, respectively. Severe plastic deformation at a temperature of approximately Ae3 is effective for producing ultrafine-grained plain steel because the accumulated strain can immediately induce a ferrite transformation. However, owing to the heat generation associated with severe deformation, the processing temperature easily rises to above Ae3. Consequently, it was necessary to remove the heat, and in the test process, the test pieces were cooled by mist spray between stages. A single-stage highspeed compression test was also conducted. The heating pattern in the single-stage test was almost the same as that in the multistage compression test, but the testing temperature was slightly reduced to 760°C. The axial reduction was 78% and the strain rate was 300/s. This is because severe singlestage compression generates considerable heat, and thus the test must be started earlier at a lower temperature to produce a stable ferrite structure.
The grain diameters given in the results are the nominal average values measured with high-angle (greater than 15°) and middle-angle (greater than 5°) boundaries by EBSP analysis. The analyzed field was part of an axial cross section of the deformed workpiece with an area of 30×30 μm 2 .
Results and Discussion
Temperature History during and after
Deformation (a) Measured results at center of workpice EBSP analysis field is around the center of test pieces, the temperature history at the center of test piece during the test process was measured with the thermocouple (R type 0.1 mm bare wire) inserted to the test piece, as shown in Fig. 11(a) . Figure 11(b) shows the result. Only the history during the first interstage time could be measured because the probe was broken by the second load. Also, due to the probe and the hole in the workpiece, the strain and temperature distribution of this test was different from the actual one, and the history should be regarded as an approximation. At the center, the processing temperature during the first interstage period was about between 880°C and 750°C, as shown in Fig. 11(b) .
(b) Calculated results of temperature history The temperature history was calculated using electromagnetic-thermomechanical FEM 16) to estimate the inhomogeneous temperature distribution, the heat generation by the plastic deformation and heat removal by the mist cooling in Table 3 . Chemical compositions of test pieces (mass %). 
Stress-strain Curve
If the deformation is uniaxial, the true strain and true stress are identical to the axial strain and contact pressure of the dies, respectively. However, a certain amount of inhomogeneous deformation takes place in the compression test. In this paper the contact pressure of the dies is called the apparent stress, which is defined as , ,.................... (6) where P is the measured load, Ath is the theoretical crosssectional area under the assumption of ideal uniaxial deformation, and d0 and h0 are the initial diameter and height, respectively. Figure 13 shows apparent stress -axial strain curve for sample A at a testing temperature of 800°C obtained in the multistage compression test. The strain rates are also included in Fig. 10 . Fluctuations due to the change in strain rate can be corrected using a method of inverse analysis developed by the authors. 14) However, a decrease in stress after yielding in the second stage was observed; this phenomena is probably not dependent on the material behavior but an inherent feature of the testing machine caused by the adjustment of processing mechanism. Figure 14 shows a comparison of apparent stress -axial strain curves for sample A at a testing temperature of 760°C and 800°C obtained by single-stage and multistage compression tests, respectively. The apparent stress in the single-stage test is higher than multistage compression test. Despite of the calculated average temperature at the beginning of 3 rd stage compression is lower than 760°C, as shown in Fig. 11 , the apparent stress of 3 rd stage is lower than that of single-stage under the same strain rate. It is found that multistage compression can decrease the resistance to deformation due to restoration during interstage time.
Effects of Material and Process Conditions on Fer-
rite Grain Size (a) Effect of carbon and manganese contents on ferrite grain size 17) Figure 15 shows the effects of the carbon and manganese contents on the diameter of ferrite grain produced in the multistage compression tests. It is evident from this figure that the grain diameter decreases with increasing carbon or manganese content. In particular, the carbon content plays a major role in obtaining ultrafine ferrite grains. In sample C (0.15C-1.00Mn), the nominal average diameter was 1.4 μm Figure 16 shows ferrite grains of sample C in image quality maps and grain misorientation maps obtained by EBSP analysis for multistage compression. Judging from the image quality maps, the grains produced by compression at 850°C are clearly larger than those produced by compression at 800°C. However, the grain misorientation maps show that the ferrite grains produced by compression at 800°C have a small medium-angle boundary. Figure 17 shows the effect of forming temperature on the ferrite grain size and high angle boundary (HAB) grain ratio. The grain size increases with increasing forming temperature. Because the rate of restoration of the microstructure increases with increasing temperature, the number of nucleation sites is reduced. On the other hand, the HAB grain ratio also increases with increasing forming temperature. The difference between the HAB ratio at the two forming temperatures is small for sample F.
(c) Effect of number of forming stages Figure 18 shows the effect of the number of processing stages on the ferrite grain size. There is a clear difference in the size of grains with a medium-angle boundary but no significant difference in the grain size of grains with the highangle boundary in each sample. The HAB ratio is over 90% in the structures produced by single-stage compression, while it is below 80% in the structures produced by multistage compression. This is related to the heat generation associated with severe deformation. In the single-stage compression, the processing temperature becomes sufficiently high as shown in Fig. 14 . The high temperature promotes grain growth and eliminates some of the medium-angle boundaries.
(
d) Comparison of SSMR process
The grain size of sample C after multistage compression 14) From these results, the compression testing machine can reproduce high-speed hot strip mill, however grain size is slightly larger than rolling process. It is supposed that the difference is caused by difference of cooling way. The cooling rate at center position increases with increasing the reduction for rolling process, decreases with increasing with the reduction for cylindrical compression which is cooled from cylindrical surface.
Concluding Remarks
A multistage and high-speed compression testing machine for obtaining the stress and microstructure evolution in the hot forming of steels was developed.
(1) Uniform true strain rate compression was accomplished by P control associated with deviation control feedforward program taking into account the deformation load due to the deceleration.
(2) The ram is forced to stop by the end of cylinder, and the reduction of the workpiece is adjusted using the subjack.
(3) The obtained stress includes the effect of the temperature distribution and the friction between the workpiece and the die or mica, it will be corrected to true stress using inverse analysis.
(4) The ferrite grains produced by multistage highspeed compression became smaller with increasing carbon or manganese content. In particular, for sample F (0.10C-1.00Mn-0.03Nb), the nominal average diameter was 1.1 μm for grains with a high-angle boundary and 0.96 μm for grains with a medium-angle boundary.
(5) A comparison of the multistage and single-stage compressed structures showed that there is a clear difference in the size of grains with a medium-angle boundary but no significant difference in the size of grains with a high-angle boundary. This is also true in the case of multistage compression tests involving deformation at 850°C and 800°C.
